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Saframycin A () is a structurally complex alkaloid that is a  mycin skeleton would then occur by a short series of condensation
member of a series of natural antiproliferative agents containing a reactions proceeding with € N directionality. The transition to
cyanopiperazine core, or its functional equivalent, within a complex the solid phase required careful optimization of the resin, the linker,
polycyclic framework: Members of this series have shown promis- and the conditions for each step of the 10-step sequence.
ing clinical efficacy in the treatment of solid tumors and have proven  In the successful route, a novel dual linkeras developed for
amenable to structural modification in the search for analogues with resin immobilization of the firsia-amino aldehyde component
improved pharmacological properti€$Typically, analogue syn- (compound3, Scheme 1. This linker took the form of the
thesis has been restricted to the derivatization of the natural products

or to the late-stage modification of advanced intermediates preparedSCheme e HO(CHp)s,, O

by multistep solution-phase synthesis. In one such study, we recently 0 NHEmoo o NHEmos [ j

showed that a series of bis-hydroquinone dimethyl ether derivatives H NC N OCH;,

of saframycin A (see structur®) displayed enhanced antiprolif- OTBS a OTBS be ¢ ; CHs
erative activity in two cancer cell linésEvidence from transcrip- HyCO OCH;  HaCO OCH,§ HNFmoc OCH,
tional-profiling experiments conducted with a susceptible yeast 3 CHs 4 CHs 5 oTBS

strain suggested thdtand 2 function by a common mechanism = Reaction conditions: (@) KCN, AcOH, GBH, CHCly, 23°C, 87%

despite their considerable structural differentes. (b) (9-2-[4-(tert-butyldimethylsiloxy)-1-butyllmorpholine, GEH,OH,
—20—23 °C, 83% (syn:anti 1.2:1). (c) 1% HEICH;OH, 0°C, 94%.

secondary amino alcohol derivativ@{2-[4-(tert-butyldimethylsil-
oxy)-1-butyllmorpholine, prepared in large amounts by a simple
seven-step sequence featuring the Jacobsen hydrolytic kinetic
resolution (HKR, see Supporting Informatiol§)The dual linker

was attached to the C-terminus 8fby amino nitrile formation
under previously optimized conditiodsforming a mixture of syn

and anti diastereomers (dr 1.2:1, respectively, anti stereochemistry
depicted, Scheme 1). Amino nitrile formation occurred without
(-)-Saframycin A (1) 2 significant epimerization of the-stereocenter<2%), as antici-
pated. To simplify the spectroscopic analysis of intermediates

Here, we describe the successful adaptation of our prior solution- Produced subsequently in the synthetic route, the syn and anti
phase synthesis of saframycirf Ao a 10-step solid-supported dlastereome_rs_, were separ_ated, and the route was optlmlz_e_d using
synthesis suitable for the preparation of large numbers of diverse tN€ pure anti isomerj. This proved to be a fortuitous decision,
saframycin analogues with deep-seated structural modifications. WefOr the syn diastereomer was later found not to transform with the
illustrate the utility of this route by constructing a matrix of 16 Same éfficiency in the synthetic route, an unexpected result given
saframycin analogues through simultaneous parallel synthesisthat (2-unsubstitutedsyn and anti-morpholino  nitriles were
employing two points of structural variability (Table 2). This work ~€ssentially interchangeable in the prior solution-phase rdute.
is notable not only as a preliminary step toward large-scale library ~ Attachment of theanti-morpholino nitrileS to the solid support
construction, but also as an example of the use of sequentialWas achieved by silyl ether formation with 4-(chlorodiisopropyl-
stereoselective €C bond forming reactions on the solid phase for Sily)Polystyrene? providing the first resin-bound intermedia (
the preparation of natural product analoggies. Scherr_le 2)in quantitative yleI‘dSeIectlve_‘ deprotect_lon of the_rt—

Our prior solution-phase route to saframycin# involved the butyldimethylsilyl ether group of resin-bound intermediatie
directed condensation ofi-amino aldehyde components with ~©Occurred upon exposure to tetrabutylammonium fluoride buffered
protective groups masking either the aldehyde or amino functional With acetic acid; subsequent treatment with piperidine in DMF
groups (C- or N-protected, respectively). In analogy to the solid- Unmasked the amino terminus, affording the phenolic anine
phase synthesis of peptidese envisioned an adaptation of this ~Addition of a 3-fold excess of the N-protectedamino aldehyde
solution-phase synthesis to the solid phase by using the resin suppor {0 the amino-terminal intermediateprovided the corresponding
to covalently tether the “C-terminati-amino aldehyde component ~ "esin-supported imine, which was thoroughly washed to remove

that initiated the condensation sequence. Assembly of the safra-€XC€Ss3, as well as water produced during the condensation
reaction. Warming the imine intermediate at %5 in a saturated

* Corresponding author. E-mail: myers@chemistry.harvard.edu. solution of anhydrous lithium bromide in 1,2-dimethoxyethane

10.1021/ja027729n CCC: $22.00 © 2002 American Chemical Society J. AM. CHEM. SOC. 2002, 124, 12969—12971 = 12969



COMMUNICATIONS

Scheme 2 @
@\/Si\'o(CHZ)""‘Eo]
-Pr QP
Q\ iPr i-Pr N OCH,
Cl
5 + S0 2 NCTN Cha
Pr i-Pr H
HNFmoc OCHg
6 OoTBS
@ Deprotectionl b,c
No.-O(CH2)s,, O,
S .
e ipr [ j Q. O(CHz)a., O
- Si
Y o P epr [ j
N OCHs
NG CHg
oy __q‘_e_._.___ NH, OCHjg
Condensation, 7 OH
8 Cyclization
TBSO CHs
OCHjg
N-Alkylation, fbc
Deprotection ' @
a.-O(CHz)s,, O.
~g;i"OCH2)as, 0. St ]
. /'\_ j Pri-Pr
iPr i-Pr N OCHj3
N OCH, CHa
NC
NC CHs &
- HsC” OCHg
HsC OCHg g OH
Han” oy O Condensation, H
2l ’ ondensation,
ON, FmocHN (. OCH.
OCH3 Cyclization ' "o s
9
HO CHs
OCHjg
®\Si,O(CH2)4,,, oj
P \iPr

aReaction conditions: (a) Imidazole, DMF, 2B8; CH;OH, imidazole,
23°C, 99%. (b) TBAF, AcOH, THF, 23C. (c) Piperidine, DMF, 23C.
(d) 3 (3.0 equiv), DMF, 23°C. (e) LiBr, DME, 35°C, 81% (4 steps). (f)
CH,0—H0, NaBH(OAc}, DMF, 23°C, 95%. (g)N-Fmoc glycinal, DCE,
40°C, 100% (3 steps). (h) Zngl4 A molecular sieves, THF, 5%, 70%.
Resin support is polystyrene (2% DVB), 15800 um.

induced a stereoselective Pict&pengler cyclization reaction,
affording thecis-tetrahydroisoquinoline derivativ(cis:trans 7:1).
The four-step sequence froénto 8 proceeded in 81% yield. The
use of the particular combination of dual linker and solid support
described proved crucial to the success of the Pi@gengler

Table 1. Bis-hydroquinone Analogues Prepared by Variation of
the Aldehyde Substrate in the Final Pictet—Spengler Cyclization of
a 10-Step Solid-Supported Sequence?

34%

24% 31%°

58% 37%

HeC' CHg

aYields over 10 steps (froms). P Obtained as a 1.4:1 mixture of cis:
trans isomers; in every other case, the cis:trans ratio exceeded 20:1.

reversible morpholinium ion formation through expulsion of
cyanide, internal capture by cyclization of the secondary amino
group (formed in the final PictetSpengler cyclization), and
subsequent extrusion of the resin-bound morpholine dual linker
through its secondary point of attachment (the amino group). The
newly liberated iminium ion intermediate is presumably then
captured in solution by cyanide, providing the saframycin analogue
11 directly, in a remarkable yield of 53% for the 10-step sequence
from 5. A key feature of this cyclizationautorelease strategy is
its diastereospecificity. Only the diastereomer shown is capable of
cyclization; thus, minor diastereomeric impurities that are formed
during the synthesis (e.gZ,— trans8) remain on the resin. This
likely accounts, in part, for the high purity of the product obtained
(11, >95% purity,'H NMR analysis).

With the successful development of a solid-phase synthesis of
the saframycin A analogue (and direct precufdat1, we sought
to evaluate the versatility of the sequence toward structural

cyclization; solid supports such as Tentagel could not be dried modification by variation of the aldehydic reactant in the final

sufficiently to preclude hydrolysis of the imine intermediate, and

Pictet-Spengler cyclization of the route (s€&— 10). Heating

alternative linkers gave rise to inefficient or nonstereoselective intermediated with a wide range of aliphatic and aromatic aldehydes

Pictet-Spengler cyclization reactions.
The secondary amino group of the tetrahydroisoquinoline
intermediateB formed in the first Pictet Spengler cyclization was

next reductively methylated on the solid phase. Subsequent depro-

tection of the phenol and primary amino groups of the resulting

(3—5 equiv) followed by cyclorelease, as before, provided a series
of saframycin analogues in 268% yield over the 10-step sequence
(Table 1).

To explore a second site for structural diversification, we
examined alternative N-alkylation reactions of the secondary amino

N-alkylation product produced the new amino-terminal resin-bound group of the solid-supported tetrahydroisoquinoline intermediate

intermediate9. The second and final PicteSpengler cyclization

8. Alkylation of 8 with a range of commercially available alkyl

reaction in the sequence then occurred (concomitantly with imine bromides occurred readily in DMF containing anhydrous lithium

formation) upon exposure @& to N-Fmoc glycinal (3 equiv) in

1,2-dichloroethane at 40C for 20 h. The resulting bis-tetrahy-
droisoquinoline derivativé0was formed in quantitative yield with
the required cis stereochemistry in the newly formed ring.

iodide andN,N-diethylaniline as base (illustrated within Table 2,
see below). We next sought to explore the feasibility of simulta-
neous variation of the two sites of structural diversification
identified. By employing a range of alkyl bromides in the

In the key step of the solid-phase sequence, the bis-tetrahy-N-alkylation of resin8 and simultaneously varying the aldehydic

droisoquinoline intermediatd0 was subjected to cyclization
autoreleas€ by warming in the presence of zinc chloride (3 equiv)
at 55°C for 1.5 h. This transformation is presumed to involve
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reactant in the second PicteSpengler cyclization, a 16-membered
library of saframycin A analogues bearing varied C1 and N12
substituents was prepared by parallel synthesis in an array of half-
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Table 2. Simultaneous Parallel Synthesis of Saframycin Analogues in a 10-Step Solid-Supported Sequence?

Substrates for Variation at N12:

Br/\/

Substrates for
Variation at C1:

o
HJK/NHFmoc 16%

o)
HJ\/OTIPS

13%

10%

1%

17%

1%

23%

18% 16%

9%

18%

18% 13%

19% 26%

aYields over 10 steps frorb.

dram glass vials (Table 2); a uniform set of reaction conditions
was employed throughout, in all cases providing saframycin

analogues as single compounds following cyclorelease. The cleaved

analogues were isolated by simple filtration through silica gel plugs
(to remove zinc chloride) and concentration. The synthesis provided
0.5—2.0-mg quantities of the bis-hydroquinone products-26%
overall yield (fromb5), typically in ~95% purityl” representing an
average yield of 7987% per step over the 10-step solid-phase
sequence.

In summary, we describe the solid-supported synthesis of 23
saframycin analogues, including 16 prepared by simultaneous
parallel synthesis. The route, which bears analogy to solid-phase
peptide synthesis, involved the directed condensation of N-protected
o-amino aldehyde reactants using a novel dual linker both for
attachment to the solid support and in a diastereospecific cyclore-
lease mechanism. By supporting structural variation at multiple sites
in the saframycin core while simultaneously obviating the need for
chromatographic purification of library members, this synthesis
should be suitable for the production of libraries of (conservatively)
hundreds of structurally diverse saframycin analogues.
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the preparation of bis-hydroquinotié and tabulated spectroscopic data
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